This study describes the kinetics of 0S-incorporation during in vivo sulfate esterification of Porphyridium aerugineum capsular polysaccharide. Techniques were developed to isolate the precursor pool (free sulfate), cell-associated product, and extracellular product. Specific radioactivities of these three fractions were monitored during pulse-chase sequences. Label rapidly appeared in the pool during the pulse, then declined asymptotically during the chase as equilibrium was approached. Efflux of small quantities of isotope from the cell during chase periods was not the result of backleakage, but the result of washing untransported isotope from the free-space. During the pulse, intracellular product was labeled at 25% of the rate at which the pool was labeled. Fully 50% of the label which left the pool was incorporated into the polysaccharide as ester sulfate, indicating that polysaccharide esterification is a major metabolic pathway for sulfate. The specific radioactivity of the extracellular product increased slowly throughout pulse and chase periods.
The unicellular red alga Porphyridium aerugineum synthesizes and excretes a sulfur-containing gelling polysaccharide to its surface, which encapsulates the cell. The sulfur has been shown to be present as the sulfate ester, the sulfate accounting for up to 7 .6% of the polysaccharide by weight (1, 2) . Hydrolysis in trifluoroacetic acid yields primarily glucose, galactose, xylose, and several minor components including hexuronic acids (3) . The polysaccharide is heterogeneous, acidic (due to free carboxyl and sulfate moieties), and is of a high mol wt.
Because the polysaccharide is water-soluble, the capsule continually dissolves from the cell surface into the medium. The dimensions of the capsule vary with the growth phase, being thinnest in log phase and thickest in stationary phase. In log phase, the rate of solubilization exceeds the rate of deposition, causing the capsule to decrease in dimension, whereas in sta-'This work was supported by the National Science Foundation Grant GB-18144. tionary phase, the rate of deposition exceeds the rate of solubilization, causing the capsule to increase in dimension (3) . When cells were "pulsed" with SO4', labeled polysaccharide appeared in the medium, and the time-dependence of isotope incorporation showed a peak in the specific radioactivity of the excreted polysaccharide (2) . However, the fate of the sulfate between entering and leaving the cell was unknown.
As a preliminary to elucidating the sulfate esterification pathway, precursor-product relationships were sought in this system, i.e. an assessment of the metabolic flow of sulfate from precursor pool, through the pool of intracellular product, to extracellular product. The present study is designed to answer specific questions about the polysaccharide sulfate esterifying system in Porphyridium. How dependent is Porphyridium on exogenous supplies of sulfate? Will other sources of sulfur serve as a precursor? What is the size of the precursor pool? Is the sulfate esterification pathway a major one? Can sulfate be seen to flow from precursors through pools of intracellular product, to extracellular product? After sulfate enters the cell, is it "activated" by the usual APS-PAPS' enzymatic sequence for sulfate activation (5) and sulfate-donor reactions?
MATERIALS AND METHODS Pulse-Chase Protocol. Cells were grown in MCYII or "complete" medium (1), 25 C, bubbled with an air-5% CO2 mixture, and continuously illuminated at 4000 ergs/cm'-sec (cool white fluorescent). Cells in log phase growth were washed with sulfate-free medium several times, then pulsed with Na,5SO,S (800-900 mc/mmole) is sulfate-free medium. Following the pulse, cells were washed in 4 C complete medium three times to remove external isotope. This treatment also had the effect of bringing metabolism to a standstill until the wash was completed. The cells were then suspended in complete medium (25 C) for the chase period. Cell concentration was determined by hemacytometer counts.
Cell Breakage. Cells were broken by a single freeze-thaw cycle using liquid nitrogen for quick freezing. The effectiveness of the technique to shatter membranes was demonstrated by release of the phycocyanin localized in the chloroplast (Fig. 1) .
Isolation of Intracellular Precursor and Product. In the course of "SOt4 pulse-chase experiments, precursor (free SO,') and product (polysaccharide-OSO ,) must be separated from each other, and from other S-containing compounds in the cell, in order to monitor radioactive sulfur flowing through 2Abbreviations: APS: adenosine-S'-phosphosulfate; PAPS: 3'-phosphoadenosine-5'-phosphosulfate; MCYII: modified Cyanophora II or "complete" medium; CP: cell associated product; EP: extracellular product; CPC: cetylpyridinium chloride. 434 these two fractions. After cell breakage, the water-insoluble debris was pelleted (45,000g, 30 min, 4 C) and 1 ml of supernatant was passed through an ion retardation column (5 X 50 mm, Bio-Rad AG118A ion retardation resin). The resin, a "snake-cage" polyelectrolyte, is used routinely for desalting operations (6) , where it retards passage of strong electrolytes and passes weak and nonelectrolytes. The resin retards free 2SO,Q while passing other TS-containing components during a water wash, including the S-containing amino acid methionine (Fig. 2) . The free 85SOQ is eluted subsequently from the resin by a washing with 1 N NaCl (Fig. 2) Intracellular product (sulfated polysaccharide), because of its acidic properties, was precipitated from the water eluate of the column by the addition of the cationic detergent, cetyl pyridinium chloride (CPC to 0.01% w/v), leaving in solution all low mol wt S-containing constituents. Since CPC also precipitated protein, the latter was removed either by prior incubation of the column eluate with protease (Sigma, type IV) at 0.5 mg/ml for 1 hr at 37 C or by heat denaturation for 10 min at 100 C. Decrease in protein, as measured by plotting the phycocyanin absorption, is plotted as a function of time of digestion by protease in Figure 3 . Enzymic or heat treatments were equally effective for protein denaturation. Further, recovery of polysaccharide (as CPC-precipitated material) was similar for both enzyme and heat treatments (Table I) .
It has been inferred from electron micrographs of Porphyridium that capsular polysaccharide, before release from the cell, is packaged in membrane-bound vesicles (1, 2) . For assay, this material must be released to the water-soluble phase. The nonionic detergent Triton X-100 (0.1% v/v) was used to dissolve membranes, which released membrane-bound Chl into the water-soluble phase. Although detergent treatment increased the total amount of 20S water-soluble material, subsequent removal of protein and polysaccharide recovery yielded comparable amounts of radioactivity as did control procedures (Table II) . From this it could be inferred that a simple freezethaw cycle is as effective in disrupting internal membranes and releasing polysaccharide as was detergent treatment; therefore, the practice of detergent solubilization was unnecessary.
Extracellular Product. Sulfated polysaccharide released by Cells were grown in the presence of 3rSO42 for 24 hr, washed, and broken by a single freeze-thaw cycle. Triton X-100 was added to 0.1%o v/v, the mixture was stirred for 10 min, and the particulate debris was removed by centrifugation (45,000g for 30 min). The supernatant was heat-treated (100 C water bath for 10 min) or enzyme-treated (0.5 mg/ml protease, 37 C for 30 min), then radioactivity was counted for 1 ml of whole extract or the CPC precipitate from 1 ml of whole extract. The data are averaged from three replicates. (Fig. 4) . At this point, sulfate became limiting, the growth rate leveled, then the cells began to lyse, resulting in a steady decline in cell concentration. Mg2+ levels (0.4 mM) were maintained in sulfate-free medium by the addition of MgCl2 in the place of MgSO,. Addition of mannitol (1, 10, 100 mM) to the medium as an osmoticum failed to retard lysis.
Sulfate-3S Incorporation, Precursor-Product Relationships.
A series of experiments were designed to measure precursor (free sulfate pool) and product (sulfated polysaccharide) levels simultaneously during pulse-chase incorporation experiments, and to differentiate between cell associated product (CP) and product excreted into the medium (EP). In these experiments, cells were pulsed during steady-state log phase metabolism, where total quantities of precursor, CP, and EP do no change, and therefore 3S in all three fractions was proportional to the specific radioactivity.
In the first set of experiments, cells were starved for sulfate for 24 hr, collected by centrifugation, and resuspended in fresh sulfate-free medium at a concentration of 3.6 X 106 cells/ml. They were pulsed for 2 hr with Na,,'SO, at 1.0 uc/ml. During the pulse, samples of whole cells and cell-free growth medium (20 ml) were collected at 0, 0.5, 1, and 2 hr and quick frozen in liquid N2 for subsequent treatment and analysis. At the termination of the 2-hr pulse, the cells were collected and resuspended in the same volume of isotope-free complete medium. The duration of the chase period was 24 hr, and samples were taken at 0, 1, 2, 4, 8, 16, and 24 hr.
During the pulse period, radioactive sulfate rapidly entered the precursor pool (Fig. 5) . During the chase period, the specific radioactivity of the pool decreased as the 'SO,' was consumed in metabolism and nonradioactive S04S from the medium mixed with the radioactive S024. The specific radioactivity of the CP increases during the pulse and into the chase (Fig. 5) . The rate of increase is somewhat lower than that of the pool, and continues as the specific radioactivity of the pool declines, indicating that a significant portion of the pool is incorporated into the polysaccharide. The specific radioactivity of the EP increased slowly, indicating that the incorporated label is leaving the cell slowly as sulfated-polysaccharide. Incorporation of IS into water-soluble cell fractions during 2-hr pulse (1 uxc Na2"SO4/ml) and 24-hr chase period. Pool: free intracellular '5SO42-; CP: cell-associated product; EP: extracellular product; product: polysaccharide-O'5SOs-. 3 .6 x 10" cells/ ml. Cells were starved for sulfate for 24 hr, pulsed in sulfate-free medium, and chased in complete medium.
Roughly 30 min elapsed during the isotope-free wash following the pulse. However, the wash was conducted at 4 C. The absence of discontinuities in the data between pulse and chase indicates that metabolism was halted during the wash period by the chilled medium.
The 2-hr pulse period used here was lengthy so that the flow of sulfate from precursor pool -e CP -e EP could be monitored during the pulse. The rate at which the pool was labeled was four times as great as that for intracellular product and 40 times as great as that for extracellular product.
The rate at which label entered the pool declined slowly during the pulse. This is explained by the fact that a significant portion of the pool was consumed for polysaccharide sulfation during the pulse so that the whole system began to approach equilbrium. Although an effort was made to keep the medium "sulfate-free" by avoiding deliberate addition of sulfate other than the radioactive pulse, traces of nonlabeled sulfate which were present in components of the system probably diluted the specific radioactivity of the pulse.
Having determined the over-all pattern for precursor-product relationships, short term pulses were attempted to focus on the kinetics of sulfate utilization. Here, cells were not starved for sulfate, rather equilibrated with external concentrations of sulfate (0.4 mM) in complete medium. The cells were then transferred to sulfate-free medium, pulsed for 1 min (200 ,uc Na235SO,/ml) and placed in complete medium for the chase at a concentration of 6 X 106 cells/ml. Since the pulse was followed by a 30-min wash period in chilled medium, it can be assumed that the isotope came to equilibrium within the precursor pool.
There was concern about efflux of isotope during the chase period, which could produce an artificial decrease in precursor pool specific radioactivity. Therefore, efflux of isotope was monitored during the chase period and used to correct the measured pool (Fig. 6) . Fortunately, it did not seriously affect into water-soluble cell fractions was expressed as change in specific radioactivity of S-containing extracts during chase period. Log phase cells were grown in complete medium, pulsed (200 Ac Na25O4/ml for 1 min) in sulfate-free medium, chased in complete medium, 6 XIO' cells/ml. Pool: free intracellular "SO6-; CP: cell associated product; EP: extracellular product; product: polysaccharide-03SOB,. Na2'SSO4/ml) in sulfate-free medium, then chased in complete medium, 6 X 106 cells/ml. Pool: free intracellular 'SO42-; CP: cellassociated product; EP: extracellular product; product: polysaccharide-OS03-. Table III . Transport of Sulfur Sources into Porphyridium Cells Log phase cells grown in complete medium were washed, then suspended in sulfate containing 0.4 mm Na2SO4 or in sulfate-free medium to give a final cell concentration of 2 X 106 cells/ml. The appropriate isotope was added, the cells gyrorotary shaken for 4 hr, and the radioactivity assayed for 1 ml of cell-free medium and 1 ml of cells trapped and washed on a Millipore filter. The data are averaged from three replicates. Ascorbic acid-35SO37 (1.5 ;c/mmole; 0.015 ,uc/ml); L-methionine-methyl-_4C (11.9 ,ucI mmole; 0.04 ic/ml); and Na235SO4 (586 ,uc/mmole; 0.01 ,c/ml).
Radioactivity in Form of Sulfur
Medium Uptake MIedium Cells dp,m/ml Ascorbic acid sul--SO42- 32 In this experiment again, pool specific radioactivity decreased asymptotically (Fig. 6) . This corresponded to a rapid sulfate incorporation into CP and the subsequent appearance of excreted label in the medium as sulfated polysaccharide. During the 4-hr chase period, 50% of the label left the pool (Fig. 7) , 50% of that label entered the CP, and 10% was excreted as EP. From this experiment, we reached the conclusion that the pathway to polysaccharide sulfation is a major one, accounting for the bulk of sulfate flow through the cell.
Other Sources of Sulfur. Several other sources of sulfur as ascorbic acid sulfate and methionine were offered to Porphyridium cells. Log phase cells (2 X 106/ml) growing in complete medium were washed in sulfate-free medium, then given one of these compounds for 4 hr in the presence or absence of competing sulfate. In none of these experiments did the cells take up either ascorbate sulfate or methionine (Table III) .
Detection of PAPS. Approximately 4 X 10' washed cells were suspended in 100 ml of sulfate-free medium. A 40-ml aliquot of this cell suspension was agitated by aeration for 20
min before the addition of 400 ,uc (10 ,uc/ml) of carrier-free Na,'5SO,. The cells were pulse-labeled for 15 min with constant agitation. The cell suspension was harvested by centrifugation, and the cells were washed three times in sulfate-free medium, then resuspended in 10 ml of 0.1 M phosphate buffer at pH 7.5 and broken by several freeze-thaw cycles in liquid N2. Cell debris was removed by centrifugation. Protein was heat-denatured, then removed by centrifugation. Polysaccharide was removed by precipitation in 1 volume of absolute ethanol. The resultant cell extract was lyophilized (Buchler Instruments, Fort Lee, N. J.), then resuspended in 2 ml of 0.1 M NH,OH in 50% ethanol. The extract was divided into two aliquots, and one subjected to mild acid hydrolysis (4) by adjusting the extract to 0.1 N with HCI and incubating at 37 C for 60 min. This treatment hydrolyzes the n503-mixed-anhydride of PAPS, since the bond is very acid-labile. Aliquots of the acid-treated and nontreated extracts were then loaded on 2 X 10 mm strips of Whatman No. 1 chromatography paper. The strips were dried and positioned on a premoistened 7.5 X 24 inch sheet of Whatman No. 1 paper in a Model 800 SMI paper electrophoresis apparatus and was conducted for 3 hr in phosphate buffer with 35SO4°-and PAP35S standards. The paper was dried, cut into 35 1.0-cm strips, and each strip was counted in toluene-Liquifluor (New England Nuclear). The raw data (cpm/cm strip), expressed as a log plot to amplify the minor peaks with respect to the major peaks representing free 3'SO,'-and 'sS-labeled macromolecules, is given in Figure 8 . In the nonhydrolyzed extract, there is a peak which is coincident with the PAP'3S standard. This peak disappears after acid treatment of the extract. This is taken as tentative evidence for the presence of PAPS in Porphyridiumn cells.
Similar evidence was obtained from cells exposed to shorter 5SO,24 pulses. A PAPS peak was apparent, although small, using pulse times as short as 3 min. This rapidity of 'SO42-absorption and conversion to a metabolic intermediate is consistent with data demonstrating the rapid appearance of s'Slabeled polysaccharide within the cell. Intracellular Sulfate (Free) Pool Size. A technique was developed to determine the number of SO2-ions per cell. To measure the pool size, it was necessary to equilibrate the specific radioactivity of SO42-in the intracellular pool with the specific radioactivity of SO42-in the surrounding growth medium. If cells free of 3SO2-are inoculated into a medium con- Plant Physiol. Vol. 53, 1974 Table 1V . Calculationi of Free Sulfate Pool Size Cells were allowed to go through six division cycles to equilibrate the specific radioactivity of the internal sulfate pool with that of exogenous sulfate. The cells were then washed in 0.1 M phosphate buffer at pH 7.5 broken by a freeze-thaw cycle, and the particulate debris was removed by centrifugation (45,000g for 30 min). The supernatant was either left untreated or the polysaccharide removed by CPC precipitation. The extracts were subjected to paper electrophoresis (Whatman No. 1 paper, 0.1 M phosphate buffer at pH 7.5, 500 v at 12 mamp for 2-3 hr). After electrophoresis, the paper was cut into 1-cm strips and immersed in fluor for radioassay. Na225SO4 was used as a standard. The data are averaged from three replicates. taining ISO42-, they will, of course, absorb 35SO^-, and their SO,2 pool will approach the specific radioactivity of the growth medium, probably within a matter of hours, since the accumulation of 3 .SO,2-is rapid. If the cells are inoculated in low concentration and allowed to go through several division cycles, the specific radioactivity of SO42-within the cell can be assumed to be the same as the specific radioactivity of So42-in the medium, especially if the medium is changed in order to compensate for depletion of I6SO42-as a result of SO42-absorption by the cells. Experimentally, 50-ml aliquots of medium were inoculated to yield a cell concentration of 1.2 x 10' cells/ml in 125-ml Corex (Pyrex) centrifuge bottles and placed on a gyrorotary shaker. At 2-day intervals, the cells were harvested by centrifugation and resuspended in 50 ml of fresh medium containing isotope. After three such changes in medium, the cell concentration had increased by a factor of 23, i.e. to 2.8 X 106 cells/ml. At this point the cells were harvested by centrifugation, resuspended in 5.0 ml of 0.1 M phosphate buffer at pH 7.5, and broken by freeze-thaw cycles. Cell debris was pelleted, and the supernatant saved as a crude, cell-free extract. This extract was subjected either directly to paper electrophoresis or first treated with CPC (to remove polysaccharide and protein) before electrophoresis. (Table IV) .
Slbecells
Discussion and Conclusions. The fractionation scheme developed here does not distinguish between truly intracellular polysaccharide (within the cell) and cell surface polysaccharide (on the cell membrane). Log phase cells (day 4, Fig. 4 ) grown on complete medium were used in these experiments. While in log phase, cells have thin capsules because little polysaccharide is being released to the cell surface (3) . Therefore, it is assumed that the ratio of intracellular polysaccharide to cell surface polysaccharide is as high as can be managed. The designation cell-associated polysaccharide (CP) implies that the isolation is enriched for intracellular polysaccharide.
As mentioned above, log phase cells release less polysaccha- The dynamics of these pulse-chase experiments affords a view of sulfate flow from the precursor pool, to intracellular product to extracellular product via change in relative specific radioactivity. It is significant that 50% of the '3SO4' which leaves the pool is incorporated into intracellular product, and leads us to conclude that sulfate esterification of the polysaccharide is a major pathway for available sulfate. It follows also that a significant proportion of Porphyridium's metabolic machinery is commited to the synthesis of sulfated polysaccharide destined for excretion. Thus, a marker exists for subsequent attempts to localize cellular compartments where synthesis takes place, or for the construction of cell-free systems to determine the elements of sulfate transfer to nucleotides, to free sugars or to polysaccharide polymers. The only other major competing pathway for sulfate is reduction for protein synthesis, thus far unexplored in this organism.
It is not surprising that Porphyridium aerugineum was unable to transport the sulfur sources ascorbic acid sulfate and methionine, in that it is generally regarded to be an obligate photoautotroph, and therefore indifferent to sources of exogenous carbon. Transport of these compounds into the cell would be useful, especially methionine, because endogenous reduced sulfur inhibits the rate of sulfate uptake (5) . To determine the dependence of Porphyridium on sulfation of its cell surface polysaccharides, it would be desirable to run experiments in which reduced sulfur for protein metabolism could be supplied in the absence of sulfate.
As was demonstrated, there is a small amount of '5SO,'-efflux after cells were pulsed with '5SO4 for 1 min and transferred to isotope-free medium. The greatest efflux occurs in the first 15 min of the chase period and increases only slowly after that. Even though the cells are washed after the pulse, the measured efflux probably represents the washing out of isotope from the free-space, rather than leakage from the cell.
The first attempt to gain some understanding of the sulfate transfer pathway was to determine the fate of sulfate after entering the cell and before sulfation of the polysaccharide.
The sulfate ion is relatively unreactive, and in Chlorella pyrenoidosa and other organisms previously studied, the sulfate ion is "activated" to PAPS, the starting compound for sulfate ester formation in many systems (see ref. 6 for review). PAPS was tentatively shown to be present in Porphyridium, although no evidence is presented here which shows that it is the donor for sulfate transfer reactions. It is known that the sulfate activation system is sensitive to Group VI anions, especially molybdate (7) . A subsequent paper will demonstrate that the Porphyridium sulfate-activating system is sensitive to molybdate in vivo.
